Introduction
Fibrotic diseases encompass a diverse group of disorders, of known and unknown etiologies, that affect multiple organ systems and contribute to significant morbidity and mortality (1) (2) (3) . Myofibroblasts are key effector cells in fibrotic disorders characterized by persistent or progressive fibrosis (1) . Myofibroblasts also participate in normal wound healing by facilitating wound closure and synthesis of ECM proteins (4) . Termination of the reparative response that leads to normal wound healing is heralded by the apparent disappearance of myofibroblasts from granulation tissue (1, 5, 6) . This disappearance may involve dedifferentiation of myofibroblasts to the quiescent progenitor phenotype (7) or clearance of apoptotic or senescent myofibroblasts (8) (9) (10) . In contrast, the persistence of myofibroblasts in injured tissues leads to nonresolving and progressive fibrosis, as exemplified by human idiopathic pulmonary fibrosis (IPF) (11) .
Myofibroblasts acquire contractile activity that is similar -but not identical -to that of smooth muscle cells (12, 13) . Enhanced contractility of myofibroblasts is an important phenotypic characteristic of myofibroblast differentiation (5, 14, 15) . However, it remains largely unknown whether myofibroblast contractility can reciprocally regulate its differentiation and fate. Recent studies suggest that myofibroblast contraction provides a feed-forward mechanism for maintaining myofibroblastic phenotype through the conversion of mechanical stimuli into fibrogenic signals, primarily via the extrinsic mechanotransduction involving activation of latent TGF-β (16) (17) (18) (19) . In contrast, we recently identified an intrinsic mechanotransduction pathway in which megakaryoblastic leukemia 1 (MKL1) converts mechanical stimuli derived from lung fibroblast contraction in response to matrix stiffening into a fibrogenic nuclear signal that promotes fibroblast-to-myofibroblast differentiation (20) . In this study, we investigated the role of myofibroblast contractility in the regulation of myofibroblast differentiation and fate in response to both biochemical (i.e., TGF-β1) and biomechanical (i.e., matrix stiffening) stimuli.
The Rho kinase (ROCK) family members, consisting of ROCK1 (also known as ROKβ or p160ROCK) and ROCK2 (also known as ROKα), are serine/threonine kinases that are activated by Rho GTPases. ROCKs regulate important cellular functions, including proliferation, migration, adhesion, and apoptosis/survival (21) . ROCK-mediated effects are elicited by phosphorylation of downstream targets, many of which are associated with the regulation of cell contractility, actin cytoskeletal organization, stress fiber formation, and focal adhesion assembly (22) . Mice deficient in ROCK1 are protected from cardiac fibrosis in response to pressure overload (23, 24) . This protective effect is likely the result of impaired sensing and/or responses of cardiac fibroblasts to biomechanical stress. ROCK inhibitors are in development for the treatment of a number of cardiovascular disorders (25) . In a lung injury model using intratracheal bleomycin, simultaneous administration of the ROCK inhibitor Y-27632 inhibited neutrophil and macrophage infiltration as well as fibroblast proliferation and migration (26) . However, this experimental design limits interpretation of the potential efficacy of the antifibrotic (versus antiinflammatory) effects of ROCK inhibition; importantly, the role of targeting the ROCK pathway to modulate biomechanical signaling of myofibroblast differentiation and fate are uncertain.
Fasudil is a small-molecule inhibitor of ROCK that has been approved for the treatment of cerebral vasospasm in Japan (27) . Fasudil is composed of 2 functional groups, an isoquinoline ring and a homopiperazine ring, connected by a sulfonamide linker (28) . It inhibits ROCK by competing with ATP binding at the hydrophobic cleft between N-and C-terminal lobes of the ROCK kinase domain (29) . Specifically, the homopiperazine ring attaches the entrance of the cleft where active residues are clustered, while the planar isoquinoline ring inserts into the canonical adenine binding pocket (29) .
In this study, we aimed to establish proof-of-concept that targeting mechanosensitive signaling pathways that regulate myofibroblast differentiation and promote myofibroblast survival may serve as an effective antifibrotic therapeutic strategy. We tested the effects of fasudil in the modulation of myofibroblast differentiation and survival in vivo and in vitro. Our findings strongly support a role for a mechanotransduction pathway involving the Rho/ ROCK pathway, enhanced actin cytoskeletal polymerization, and MKL1 in sustained myofibroblast activation. The present study also uncovered a novel MKL1 transcriptional target (BCL-2) that promotes myofibroblast survival.
Results

Fasudil induces lung myofibroblast apoptosis in vitro and in vivo, while normal lung fibroblasts are not susceptible to fasudil-induced cell death.
Myofibroblast apoptosis heralds the termination of the reparative response to tissue injury (8) , and resistance to apoptosis of myofibroblasts has been associated with persistence of fibrosis (30) . To determine the effects of fasudil, a ROCK inhibitor, on apoptosis of lung myofibroblasts and normal lung fibroblasts in vitro, we isolated (myo)fibroblasts from lungs of patients with IPF and from failed donor lungs. Myofibroblasts were identified by expression of α-SMA ( Figure 1A ). Fasudil treatment significantly increased the number of apoptotic cells in α-SMA-positive lung myofibroblasts at 24 and 48 hours, whereas normal lung fibroblasts were insensitive to the apoptosis-inducing effects of fasudil ( Figure 1, A and B) . To determine the effects of fasudil on apoptosis of myofibroblasts differentiated from TGF-β1-treated normal lung fibroblasts, we cultured normal lung fibroblasts in the presence of TGF-β1. Fibroblast-to-myofibroblast differentiation was evident by the formation of α-SMA-positive stress fibers ( Figure 1A ). Similar to IPF myofibroblasts, fasudil treatment induced a majority of myofibroblasts derived from TGF-β1-treated normal fibroblasts to undergo apoptosis ( Figure 1 , A and B). To determine whether fasudil induces myofibroblast apoptosis in vivo, we injured lungs of mice with intratracheal instillation of the chemotherapeutic agent bleomycin. Control mice were administered saline. On days 14-27 after bleomycin injury (i.e., the postinflammatory fibrotic phase), mice were administered daily intraperitoneal injections of 25 mg/kg fasudil or PBS as a control. Mouse lungs were harvested on day 28. In situ TUNEL and costaining with α-SMA showed that in bleomycin-injured mice receiving PBS, cellular apoptosis was primarily localized to the alveolar lining epithelium, whereas interstitial α-SMA-positive lung cells in fibrotic regions were largely apoptosis resistant ( Figure 1, C and D) . In contrast, fasudil treatment of injured mice resulted in the appearance of TUNEL-positive, α-SMA-expressing cells within alveolar walls (Figure 1 , C and E). Smooth muscle cells in bronchioles and pulmonary arteries did not undergo significant apoptosis in response to fasudil (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI66700DS1). These data suggest that fasudil treatment selectively promotes myofibroblasts to undergo apoptosis ex vivo and in vivo.
Fasudil induces lung myofibroblast apoptosis by downregulation of BCL-2 expression.
The ROCK pathway regulates actin dynamics, which may influence susceptibility to apoptosis via the mitochondrial pathway (21) . The release of cytochrome c from mitochondria is an essential step for activation of the intrinsic apoptosis pathway (31) . We first examined whether fasudil induces the activation of mitochondrial cytochrome c release. Treatment of IPF (myo)fibroblasts with fasudil induced a time-dependent release of cytochrome c from mitochondria ( Figure 2A ). A decrease in the level of cytochrome c in mitochondria fraction was observed 8-24 hours after fasudil treatment; concordantly, the level of cytochrome c in the cytosolic fraction increased during the same time period.
B cell lymphoma 2 (BCL-2), the prototypic member of the BCL-2 family that controls mitochondrial outer membrane permeabilization, is known to inhibit the release of cytochrome c from mitochondria (32) . We next sought to determine whether fasudil regulates BCL-2 expression in lung myofibroblasts. Whereas fasudil downregulated mRNA and protein expression of BCL-2 in a dosedependent manner in IPF lung myofibroblasts at 24 hours, mRNA and protein levels of Bcl-xL and Mlc-1, 2 additional members of the BCL-2 family, were not influenced by fasudil treatment (Figure 2 , B and C). Furthermore, fasudil-induced downregulation of BCL-2 expression was associated with activation of caspase 9 and caspase 3, as evidenced by proenzyme cleavage and increased enzymatic activities ( Figure 2D ). Fasudil did not activate caspase 8, a downstream effector of the death receptor-mediated extrinsic apoptotic pathway (Supplemental Figure 2) . Collectively, these results indicate that fasudil mediates downregulation of BCL-2 expression and activates the intrinsic mitochondrial apoptotic pathway.
In contrast to the proapoptotic effects of fasudil on IPF myofibroblasts, this ROCK inhibitor did not sensitize control fibroblasts to activation of the mitochondrial apoptotic pathway, as fasudil treatment did not induce cytochrome c release, regulate BCL-2 protein expression, or activate caspase 9/3 (Supplemental Figure 3) . Thus, fasudil selectively induced myofibroblast apoptosis by downregulating BCL-2 expression and activating the intrinsic mitochondrial apoptosis pathway. To determine whether this prosurvival BCL-2 pathway is constitutively upregulated in human IPF myofibroblasts, we performed immunoblot analyses of cell lysates from non-IPF control fibroblasts and IPF myofibroblasts, the latter of which expressed significantly higher levels of BCL-2 ( Figure 2E ).
Fasudil downregulates BCL-2 expression by deactivation of MKL1-mediated intrinsic mechanotransduction. MKL1 is an actin dynamics sensor and SRF coactivator that plays a critical role in the activation of a number of profibrotic genes (20, (33) (34) (35) (36) (37) (38) . When G-actin is polymerized into F-actin, MKL1 is released from G-actin and enters into the nucleus, where it binds to SRF and targets CArG consensus sequence(s) in the promoter region to activate gene transcription (38) . A bioinformatics search revealed 2 CArG boxes, box1 (approximately -565 to -558 bp) and box2 (approximately -1,190 to -1,181 bp), in the proximal control region of the human BCL2 gene. To determine whether fasudil-regulated BCL2 gene expression in lung myofibroblasts is mediated by MKL1, we compared MKL1 cytoplasmic-nuclear shuttling in IPF lung myofibroblasts and control lung fibroblasts. MKL1 subcellular localization analysis showed that IPF lung myofibroblasts expressed higher levels of MKL1 in the nuclear fraction than did control cells (Figure 3A) . G-actin and F-actin content analysis demonstrated that lung myofibroblasts contained more F-actin in the total actin pool than control lung fibroblasts ( Figure 3B ). Levels of total actin were found to be equivalent in lung myofibroblasts and control lung fibroblasts (Supplemental Figure 4 ). These data indicate that increased F-actin polymerization is linked to the constitutive activation of MKL1 nuclear signaling in IPF lung myofibroblasts.
In IPF lung myofibroblasts, fasudil treatment decreased MKL1 levels in the nuclear fraction while increasing MKL1 expression in the cytoplasm ( Figure 3C ), which suggests that fasudil "deactivates" constitutive MKL1 nuclear signaling in "diseased" cells. No apparent changes in MKL1 subcellular localization were observed in control lung fibroblasts in response to fasudil treatment. Whereas fasudil markedly reduced F-actin content in lung myofibroblasts, only a slight decrease in F-actin content was observed in normal lung fibroblasts in response to fasudil treatment ( Figure 3D ). These data indicate that fasudil inhibits F-actin polymerization and deactivates MKL1 signal activation in lung myofibroblasts.
To further determine whether fasudil deactivation of MKL1 nuclear signaling is responsible for the observed downregulation of BCL2 gene expression, we performed quantitative ChIP assays to examine the effect of fasudil on the binding of MKL1-SRF complex to the BCL2 promoter. The constitutive enrichment of BCL2 promoter DNA in SRF antibody-immunoprecipitated chromatin of IPF myofibroblasts was suppressed by fasudil ( Figure 3E ).
Next, we determined whether the fasudil-induced decrease in the binding of MKL1-SRF to the BCL2 promoter inhibits BCL2 promoter activity. A 1,096-bp WT human proximal BCL2 promoter reporter and 3 mutated promoter reporters harboring mutations at the specific MKL1-SRF-binding DNA sequences -CArG box1, CArG box2, or both box1 and box2 -were transfected into lung myofibroblasts ( Figure 3F ). In cells transfected with the WT BCL2 promoter reporter, fasudil significantly decreased luciferase expression ( Figure 3F ), which suggests that fasudil inhibits BCL2 promoter activity. Mutation at CArG box1 neither decreased constitutive BCL2 promoter activity nor abrogated fasudil inhibition of this activity ( Figure 3F ), which suggests that it is not involved in BCL-2 regulation. Mutation of CArG box2 and of box1 and box2 combined diminished baseline BCL2 promoter activities in lung myofibroblasts ( Figure 3F ), which indicates that constitutive promoter activity is MKL1-SRF dependent. Collectively, these results suggest that CArG box2 (approximately -1,190 to -1,181 bp of the BCL2 promoter) is responsible for MKL1-dependent constitutive activation of BCL2 gene expression in lung myofibroblasts. These data indicate that fasudil downregulates BCL2 gene expression by inhibiting MKL1-SRF complex binding to CArG box2.
Forced nuclear translocation of MKL1 by treatment with jasplakinolide, a stabilizer of F-actin (38) , or by overexpression of constitutively active (i.e., nuclear) MKL1 (33) rescued fasudil downregulation of BCL-2 expression in lung myofibroblasts (Figure 3G ). In contrast, inhibition of MKL1 nuclear signaling by disruption of F-actin polymerization with latrunculin B (39), blockade of MKL1-SRF complex binding to the BCL2 promoter with CCG-1423 (40), or overexpression of dominant-negative MKL1 (dnMKL1) (33) downregulated BCL-2 expression in lung myofibroblasts ( Figure 3H ), effects that were equivalent to those with fasudil treatment. Taken together, these data indicate that fasudil downregulation of BCL-2 expression in lung myofibroblasts is mediated, at least in part, by deactivation of actin cytoskeletondependent MKL1 nuclear signaling.
Fasudil prevents lung fibroblast-to-myofibroblast differentiation in response to TGF-β1 and matrix stiffness. Fibroblast-to-myofibroblast differentiation is characterized by α-SMA expression and enhanced contractile activity (4) . While fibrogenic cytokines/growth factors are well established as promoters of fibroblast-to-myofibroblast differentiation, it has only recently been appreciated that the mechanical properties of ECM (i.e., matrix stiffness) serve as an important regulator of myofibroblast differentiation (20, 41) . We therefore sought to determine whether fasudil blocks lung fibroblast-to-myofibroblast differentiation in response to TGF-β1 and matrix stiffness. Fibroblast-to-myofibroblast differentiation was induced by TGF-β1 and/or matrix stiffening in the presence or absence of fasudil. Quantitative real-time PCR and immunoblot analyses showed that TGF-β1 and matrix stiffening alone or in combination promoted significant increases in mRNA and protein expression of α-SMA, indicative of myofibroblast differentiation, whereas fasudil abrogated the induction of α-SMA protein and mRNA expression under these conditions ( Figure 4 , A and B). Confocal immunofluorescent microscopy showed that TGF-β1 and/or matrix stiffening promoted α-SMA incorporation into stress fibers; cotreatment with fasudil blocked α-SMA-positive stress fiber formation in response to both TGF-β1 and matrix stiffening ( Figure  4C ). These data suggest that fasudil is capable of blocking the integrated signaling from biochemical (TGF-β1) and biomechanical (matrix stiffness) cues that mediate myofibroblast differentiation.
(Myo)fibroblast contractility is associated with the phosphorylation of myosin light chain (MLC 20 ) (4). We detected the highest levels of MLC 20 phosphorylation in fibroblasts grown on stiff matrix treated with TGF-β1, followed by fibroblasts grown on stiff matrix in the absence of treatment, then fibroblasts grown on soft matrix treated with TGF-β1; fasudil treatment inhibited these responses to both soluble and matrix signals ( Figure 4D ). Functional measures of contractility, assessed in a 3D collagen gel system, demonstrated that both baseline and TGF-β1-induced contractility were inhibited by fasudil ( Figure 4E ). Together, these data indicated that myofibroblast differentiation (as measured by biochemical, morphologic, and functional parameters) induced by both soluble (TGF-β1) and matrix (stiffness) signals are inhibited by fasudil.
Fasudil inhibits myofibroblast differentiation by prevention of MKL1 nuclear translocation. To determine the role of MKL1 in fasudil-modulated myofibroblast differentiation in response to TGF-β1 and/or matrix stiffening, we either overexpressed nuclear MKL1 or added
Figure 1
Fasudil induces myofibroblast apoptosis both in vitro and in vivo, while normal lung fibroblasts are not susceptible to fasudil-induced cell death. (A) Myofibroblasts (myoFBs) isolated from lungs of patients with IPF (n = 8) and fibroblasts of non-IPF control subjects (failed donors; n = 6) were cultured in the presence or absence of 25 μM fasudil (Fasu) for 24-48 hours. Control fibroblasts (Ctrl FBs) were treated with 4 ng/ml TGF-β1 (Tβ1) and/or fasudil. Cells were double stained for TUNEL (green) and α-SMA (red); nuclei were stained with DAPI (blue). Confocal fluorescent images were overlaid to show apoptotic myofibroblasts. Scale bars: 20 μM. (B) Apoptotic cells (i.e., TUNEL positive) were quantified and expressed as the percentage of total cells. At least 300 cells were counted per condition. **P < 0.01, ***P < 0.001 vs. PBS; ## P < 0.01 vs. TGF-β1. (C-E) Frozen lung tissue sections from mice treated with saline (Sal) or with bleomycin (Bleo) in combination with PBS or fasudil were stained for TUNEL, α-SMA, and nuclei as in A. Higher-magnification views of the boxed regions in the bleomycin plus PBS and bleomycin plus fasudil images are shown in D and E, respectively (enlarged ×4-to ×5-fold). Scale bars: 50 μM.
jasplakinolide to force MKL1 in the nucleus (20) . Forced nuclear localization of MKL1 abrogates fasudil inhibition of α-SMA expression in lung fibroblasts in response to TGF-β1 and matrix stiffening (Supplemental Figure 5A) . Furthermore, inhibition of actin polymerization by latrunculin B or disruption of MKL1-SRF interaction by CCG-1423 blocked TGF-β1-and matrix stiffeninginduced α-SMA expression in lung fibroblasts (Supplemental Figure 5B) , similar to the effects observed with fasudil. Together, these data suggest that fasudil inhibits lung fibroblast-to-myofibroblast differentiation by blocking MKL1 nuclear translocation.
RhoA/ROCK signaling is activated in human IPF and in bleomycin injury-induced mouse lung fibrosis. MLC 20 and myosin phosphatase target subunit 1 (MYPT-1) are ROCK-specific substrates (42) (43) (44) . Previously, we reported that phosphorylation of MLC 20 at serine 19 residue is increased in the fibroblastic foci in human IPF (45) . Here, using an antibody that detects MLC 20 only when dually phosphorylated at threonine 18 and serine 19, we demonstrated dual phosphorylation of MLC 20 in fibroblastic foci of human IPF ( Figure 5A ). Additionally, we demonstrated increased MYPT-1 phosphorylation in regions of active fibrosis in mice subjected to bleomycin-induced lung injury ( Figure 5A ). Fasudil (25 mg/kg/d intraperitoneally) blocked MYPT-1 phosphorylation in fibrotic mouse lungs (Figure 5A ), validating the inhibitory effect of fasudil on ROCK signaling in bleomycin-induced mouse lung fibrosis. (Myo)fibroblasts isolated from IPF lungs and lungs of mice after bleomycin injury demonstrated high constitutive ROCK activity, as indicated by ELISA-based ROCK activity assay, in comparison to their respective controls ( Figure 5B ). Immunoblot analysis for phosphorylation of ezrin Thr567 /radixin Thr564 /moesin Thr558 (ERM), a group of ROCK-specific substrates that function as linkers between plasma membrane and actin cytoskeleton (42, 46) , demonstrated high baseline levels of phosphorylated ERM in fibrotic lung fibroblasts from mice and humans ( Figure 5C ). Rhotekin pulldown assays, based on affinity precipitation of GTP-bound (i.e., active) RhoA using glutathione S-transferase-rhotekin (GST-RBD) fusion proteins and immunoblot analysis, demonstrated that (myo)fibroblasts isolated from fibrotic lungs expressed higher levels of active RhoA than cells isolated from control uninjured lungs ( Figure 5D ). These data indicate that RhoA/ROCK signaling is activated in lung fibrosis in vivo as well as in (myo)fibroblasts isolated from fibrotic lungs.
Fasudil treatment or MKL1 deficiency protects from bleomycin injuryinduced lung fibrosis. To determine whether fasudil protects mice from bleomycin injury-induced lung fibrosis and whether the protective effect is associated with the blockade of MKL1-mediated intrinsic mechanotransduction, C57BL/6 WT, Mkl1 -/-, and Mkl1 +/+ (E) Constitutive expression of BCL-2 protein in IPF myofibroblasts and non-IPF control fibroblasts were determined by immunoblot analyses. GAPDH was used as loading control. Densitometry was performed using ImageJ. Relative density of BCL-2 was normalized to GAPDH. Data are mean ± SD (n = 4 per group). *P < 0.05, **P < 0.01.
mice were subjected to lung injury by intratracheal instillation of bleomycin. In parallel, a subgroup of C57BL/6 mice received fasudil or PBS control daily via intraperitoneal injections; to more specifically target the fibrotic versus the early inflammatory response, fasudil was administered beginning 14 days after bleomycin injury for a period of 2 weeks. Our data showed that treatment with fasudil during the postinflammatory fibrotic phase of lung repair abrogated fibrotic responses, as assessed by trichrome staining of the lung for collagen, whole-lung hydroxyproline content, and induction of α-SMA protein in lung homogenates ( Figure 6, A-C) . In contrast to Mkl1 +/+ mice, Mkl1 -/-mice demonstrated significantly reduced fibrotic responses, as measured by the same endpoints ( Figure 6, D-F) . Collectively, these data suggest that fasudil mediates antifibrotic effects even when administered to mice with established fibrosis, likely by disruption of myofibroblast contractility and MKL1-mediated intrinsic mechanotransduction. 
Figure 4
Fasudil inhibits lung fibroblast-to-myofibroblast differentiation in response to TGF-β1 and matrix stiffening. (A) Normal human lung fibroblasts were cultured on soft (0.5 kPa) and stiff (20 kPa) PA gels in the presence of PBS, 25 μM fasudil, 4 ng/ml TGF-β1, or fasudil and TGF-β1 in combination for 24 hours. Relative levels of α-SMA mRNA were determined by real-time RT-PCR. 18s rRNA was used as internal reference control. Bar graphs are the means ± SD of 3 separate experiments. (B) Protein levels of α-SMA and GAPDH were determined by immunoblot. (C) Incorporation of α-SMA into stress fibers was determined by confocal immunofluorescent double staining for α-SMA (green) and F-actin (red). Nuclei were stained by DAPI (blue). Scale bars: 50 μm. (D) Expression of phosphorylated (p-) and total MLC20 and GAPDH was determined by immunoblot. (E) Fibroblast contractility was assessed by a 3D collagen gel-based assay. Bar graphs are the means ± SD of 3 separate experiments, each performed in triplicate. *P < 0.05, **P < 0.01, ***P < 0.001.
Discussion
Myofibroblasts are key effector cells in fibrogenic processes and have been proposed to derive from multiple origins (47, 48) . Regardless of origin, a therapeutic strategy that exploits the unique biomechanical contractile signaling of myofibroblasts and their prolonged survival in injured tissues may be most effective in advanced fibrotic diseases. In this study, we demonstrated for the first time that therapeutic targeting of the mechanosensitive Rho/ ROCK pathway concordantly altered actin cytoskeletal dynamics, MKL1 translocation/activation, and regulation of profibrotic and prosurvival genes (Figure 7) .
Specifically, we showed that the ROCK pathway mediated myofibroblast contractility, differentiation, and survival. Blockade of this pathway by fasudil prevented lung fibroblast differentiation into myofibroblasts. Importantly, we demonstrated both in vitro and in vivo that disruption of myofibroblast contractility induced preexisting lung myofibroblasts to undergo apoptosis. Fasudil's ability to induce apoptosis was selective to myofibroblasts (compared with nonmyofibroblasts), supporting an "intrinsic dependence" on the actomyosin system for maintaining survival of these differentiated cells. Our studies suggest that this survival signaling pathway is controlled by actin dynamics-dependent MKL1 nuclear translocation in response to biomechanical and biochemical fibrogenic stimuli involving matrix stiffening and TGF-β1, respectively. ROCK inhibition depolymerizes actin cytoskeleton, decreases myofibroblast contractility, and deactivates MKL1 nuclear signaling, leading to downregulation of BCL-2 expression and subsequent activation of the mitochondria-dependent intrinsic apoptosis pathway ( Figure 7 ). Our findings suggest that targeting myofibroblast contractility by use of a pharmacologic ROCK inhibitor, such as fasudil, may offer a novel approach for effectively treating persistent/progressive fibrosis by both preventing fibroblast-to-myofibroblast differentiation and inducing preexisting myofibroblasts to undergo apoptosis.
An intriguing finding in our studies was the marked susceptibility of differentiated myofibroblasts to ROCK inhibition-induced apoptosis. Fasudil (at relatively low concentrations, 5-25 μM) induced myofibroblasts to undergo apoptosis, whereas control nonmyofibroblasts were resistant. This differential susceptibility to apoptosis appears to be linked with more mature, polymerized actin cytoskeleton, as evidenced by higher F-actin/G-actin ratios, in myofibroblasts. IPF lung myofibroblasts were found to have higher F-actin content at the basal level, with 37%-45% of total actin in the filamentous form, whereas control lung fibroblasts had a baseline F-actin content of 8%-17%. ROCK inhibition markedly decreased F-actin content in myofibroblasts, from an average of 42% to an average of 7%. In contrast, fasudil only slightly decreased F-actin content in normal fibroblasts, from 14% to 6%. Cellular apoptosis related to changes in actin dynamics has been previously reported (49) (50) (51) , although the mechanisms have not been clearly elucidated. Our present findings suggest that changes in the F-actin/G-actin ratio provide a sensory mechanism for apoptotic signaling in lung myofibroblasts. Importantly, we demonstrated a key role for MKL1 in transducing actin cytoskeletal signals to the mitochondria-mediated apoptosis pathway. ROCK inhibition deactivated MKL1 nuclear signaling in lung myofibroblasts, resulting in downregulation of BCL-2 expression and initiation of the intrinsic apoptotic cascade.
MKL1 has been reported to regulate apoptosis of myoepithelial cells, a type of specialized epithelial cells with contractile characteristics similar to those of smooth muscle cells (52) . Genetic deletion of Mkl1 causes myoepithelial cell apoptosis and failure to form normal lobular-alveolar structures of mammary glands during lactation in female mice (52) . Conversely, overexpression of MKL1 inhibits apoptosis, with attendant inhibition of caspase activation (53) . These prior reports and the findings of the current study strongly implicate MKL1 as a determinant of the fate of differentiated cells that contain mature actomyosin contractile elements. It has been reported that MKL1 mediates TGF-β1-induced epithelial-mesenchymal transition (EMT) by dissociation of cellcell contacts and induction of actin cytoskeletal reorganization (33) . MKL1 is thought to be essential for completing the myogenic phase in an EMT process (36) . These findings suggest that blocking MKL1-mediated signaling may have additional antifibrotic benefits by inhibiting EMT.
Cofilin, a member of the cofilin/ADF family, promotes the depolymerization of F-actin and is involved in the recycling of monomeric G-actin (54, 55) . Dephosphorylated (active) cofilin targets mitochondria to induce loss of mitochondrial membrane potential, cytochrome c release, and cellular apoptosis (49, 56, 57) . We examined whether a cofilin-dependent apoptosis mechanism is involved in ROCK inhibition-induced myofibroblast programmed death. We found that fasudil changed neither phosphorylation of cofilin nor its subcellular localization in lung myofibroblasts (Supplemental Figure 6) . Furthermore, our data showed that fasudil-induced cytochrome c release occurred 8-24 hours after treatment, in contrast to a previous report that cofilin-mediated cytochrome c release occurred within 2-4 hours (49) . Together, these data suggest that the fasudil-induced myofibroblast apoptosis reported herein is independent of a cofilinmediated mechanism. Additionally, the relatively longer period of time required for cytochrome c release from mitochondria after fasudil treatment (≥8 hours) is consistent with our data supporting fasudil regulation of myofibroblast apoptosis by downregulation of BCL2 gene expression.
Resolution of tissue repair after tissue injury involves myofibroblast clearance (10). Elimination and/or deactivation of myofibroblasts can occur through apoptosis, senescence, and/or regression to a more quiescent phenotype (7) (8) (9) 58) . Although regression to an inactive precursor cell may limit the activity of myofibroblasts, they do not completely eliminate the potential for reactivation. For example, in a carbon tetrachloride-induced mouse model of liver fibrosis, HSC-derived myofibroblasts that regressed to a quiescent state were more rapidly reactivated (compared with native HSCs) by subsequent insults, resulting in more robust liver fibrosis (7). It is possible that myofibroblast regression to a quiescent phenotype may serve as an intermediate step toward resolution of fibrosis. In mature myofibroblasts, the release of mechanical tension triggers apoptosis in vitro and in vivo (58) (59) (60) . In a normal woundhealing process, the release of mechanical tension may occur by restoration of normal ECM composition and mechanics. This would essentially eliminate the sustained biomechanical signals, both intrinsic and extrinsic, that would otherwise maintain the myofibroblastic phenotype. Thus, a cellular phenotype (contractility) and a matrix property (stiffness) reciprocally regulate each other and may serve as feed-forward mechanisms to sustain fibrotic responses. In persistent/progressive fibrosis, such as IPF, mechanisms involved in matrix turnover have been dampened (61) ; this may impair the restoration of normal ECM composition and biomechanical tension. The findings from
Figure 5
RhoA/ROCK signaling is enhanced in regions of active fibrosis in human IPF and in mice subjected to bleomycin-induced lung injury, as well as in (myo)fibroblasts isolated from fibrotic lungs. (A) Paraffin-embedded lung tissue sections from non-IPF control subjects (n = 3) and patients with IPF (n = 5) were subjected to immunohistochemical staining for phosphorylated MLC20. Frozen mouse lung tissue sections from saline-or bleomycin-treated mice (n = 5 per group) were subjected to double staining for α-SMA (red) and phosphorylated MYPT-1 (green). Nuclei were stained by DAPI. Confocal microscopic images are overlaid to show the correlation of MYPT-1 phosphorylation with fibrosis. Arrowheads denote relatively normal lung area; arrows denote fibrotic lung area. Scale bars: 50 μm; 200 μm (higher-magnification view of boxed region in IPF panel). Levels of phosphorylated and total MYPT-1 in mouse lung homogenates were also determined by immunoblot. GAPDH was used for loading control. Data are mean ± SD (n = 5 per group). (B) (Myo)fibroblasts isolated from lungs of patients with IPF (n = 8), non-IPF control subjects (n = 6), bleomycin-treated mice (n = 8), and saline-treated mice (n = 8) were subjected to ROCK activity assays using a colorimetric approach. Data are mean ± SD. (C) Relative protein levels of phosphorylated versus total ERM in isolated (myo) fibroblasts by densitometric analysis. Data are mean ± SD (n = 6 or 8). Representative immunoblots are shown. (D) Level of active RhoA (normalized by GAPDH) in isolated (myo)fibroblasts by densitometric analysis. Data are mean ± SD (n = 8 per group). Representative immunoblots are shown. *P < 0.05, **P < 0.01, ***P < 0.001.
proteins and fibrosis-associated proteins. Our data indicated that disruption of fibroblast contraction or blocking MKL1-mediated intrinsic mechanotransduction is sufficient to inhibit TGF-β1-and/or matrix stiffness-induced fibroblast-to-myofibroblast differentiation. Additionally, mice deficient in Mkl1 were protected from bleomycin-induced lung fibrosis. Together, our findings reveal an indispensable role of MKL1-mediated biomechanical signaling in the regulation of TGF-β1-induced myofibroblast differentiation and survival as well as in injuryinduced lung fibrosis.
Interestingly, our data also suggest that fasudil may mediate protective effects on alveolar epithelial cell apoptosis during the late reparative phase of injury in the murine model of bleomycin-induced lung fibrosis. Although this observation may be related to direct effects of fasudil on the epithelium (such as EMT, as discussed above), other potential "indirect" mechathe present study suggest that a cell-based approach targeting myofibroblast contractility and mechanotransduction offer an alternative to matrix targeting for tension release-induced myofibroblast apoptosis.
There is accumulating evidence in support of a role for both TGF-β1 (62) and biophysical properties of the ECM (63) in regulating the myofibroblastic phenotype. Our present data support the concept that MKL1 serves as a master control switch that regulates both TGF-β1-and matrix stiffening-induced fibroblast-to-myofibroblast differentiation. This is consistent with studies demonstrating that MKL1 transduces TGF-β signals to the nucleus via its capacity to physically associate with receptor-activated Smads (33, 36, 64) . In the nucleus, Smads associate with MKL1, facilitating the binding of a MKL1/Smad complex to transcriptional regulatory elements that control transcription of a subset of genes encoding contractile SMC
Figure 6
Postinflammatory treatment with fasudil or genetic deletion of Mkl1 protects mice from bleomycin injury-induced lung fibrosis. (A-C) C57BL/6 mice were administered bleomycin intratracheally at a dose of 5 U/kg. Control mice were given an equal volume of saline. At 14 days, mice were administered fasudil intraperitoneally at a dose of 25 mg/kg/d over 14 days. Control mice were injected with an equal volume of PBS. Lung tissues were harvested at 28 days and subjected to Masson trichrome staining for collagen (A), hydroxyproline content assay (B), and immunoblot analysis for α-SMA expression (C). (D-F) Mkl1 -/-and Mkl1 +/+ mice were administered bleomycin or saline as above. Mouse lung tissues were harvested at 28 days and subjected to Masson trichrome staining (D), hydroxyproline content assay (E), and α-SMA expression analysis (F). Graphs are mean ± SD (n = 5-7). Representative immunoblots are shown. Scale bars: 100 μm. **P < 0.01; ***P < 0.001.
Quantitative ChIP assay. Fibroblasts (1 × 10 6 cells) were treated with 1% formaldehyde for 10 minutes at 37°C to cross-link histones to DNA. The cross-linked chromatin was sonicated to shear chromatin fragments of 200-1,000 bp. A portion of sheared chromatin was reversed at 65°C for 4 hours, and cross-linked DNA was purified by phenol/chloroform extraction. The DNA was saved and used as an internal reference control in the subsequent real-time PCR reactions. The rest of the sonicated chromatin was immunoprecipitated with anti-SRF antibody at a concentration recommended by the manufacturer, while the negative control was immunoprecipitated with no antibody. Immunocomplexes were recovered with Protein A agarose beads. Cross-links were reversed and treated by proteinase K to remove protein from the DNA. DNA was purified by phenol/ chloroform extraction. Real-time PCR was performed to quantify SRFbinding BCL2 promoter fragments using the following primers: forward, 5′-CGCCGCGCAGGACCAGGAGGAGGAGAAA-3′; reverse, 5′-CGGC-GAGGGGTGGGGAGAAGGAGGTGGT-3′.
Animals and experimental protocol. Animal use and bleomycin protocols were approved by the Institutional Animal Care and Use Committee of the University of Alabama at Birmingham. 6-to 8-week-old pathogen-free female mice were used in this study. Bleomycin sulphate (Almirall) was dissolved in sterile saline solution and intratracheally instilled into mice by a Stepper Repetitive Pipette (Tridak) as a single dose of 0.08 mg in 50 μl saline solution per animal (5 U/kg BW). Control mice received 50 μl saline. For fasudil treatment, a dosage of 25 mg/kg BW/d over 14 days or an equal volume of PBS was injected intraperitoneally into mice beginning 14 days after bleomycin administration. Mice were sacrificed at 28 days. Lung tissues were excised and inflated with OCT or 4% (m/v) paraformaldehyde in PBS for immunofluorescent or immunohistochemical analyses.
To prepare for lung homogenates, fresh lung tissues were transferred to prechilled tubes containing T-PER (Thermo Scientific) and Complete Mini Protease Inhibitor Cocktail (Roche) at a proportion of 1 tablet/10 ml T-PER and were homogenized at 4°C. Homogenates were centrifuged at 9,000 g for 10 minutes at 4°C. Supernatants were transferred to clean microcentrifuge tubes. Total protein concentrations in the lung tissue homogenates were determined using a BCA Protein Assay kit (Thermo Scientific).
Statistics. Statistical differences among treatment conditions were determined using 1-way ANOVA and the Newman-Keuls method for multiple comparisons. A P value less than 0.05 was considered significant.
Study approval. Animal studies were conducted in accordance with NIH guidelines for the care and use of laboratory animals and approved by the IACUC of the University of Alabama at Birmingham. Studies involving nisms may involve the predicted downregulation of myofibroblast-generated paracrine mediators known to induce alveolar epithelial cell apoptosis. Such myofibroblast-derived mediators include active TGF-β1 derived from myofibroblast contractile force-induced latent TGF-β1 activation (16, 17) , angiotensin-II (65), Fas ligand (66) , and reactive oxygen species (67) . These direct or indirect protective effects on alveolar epithelial cells add further support for targeting the ROCK pathway in established lung fibrosis.
Antifibrotic therapies targeting the recalcitrant myofibroblast are limited. Acquisition of contractility is crucial not only for the emergence of the myofibroblastic phenotype, but also for its maintenance. Our present data provide strong proof-of-concept that targeting myofibroblast contractility (or the consequent mechanotransduction pathway) offers a promising and novel approach to hinder, or possibly reverse, persistent/progressive fibrosis by both prevention of myofibroblast differentiation from its precursors and induction of preexisting myofibroblasts to undergo apoptosis.
Methods
Lung fibroblast isolation, culture, transfection, and treatment. Human lung (myo)fibroblasts were established from tissue samples from patients undergoing lung transplantation for IPF or failed donors as approved by Human Studies Committee of the University of Alabama at Birmingham. For lung fibroblast isolation, culture, transfection, sorting, and treatment, see Supplemental Methods.
TUNEL and immunofluorescence double-labeling assay. To combine TUNEL staining with immunofluorescence staining for specific antigens, TUNEL staining was carried out first using a TdT-fluor in situ apoptosis detection kit (Trevigen), followed by exposure with one of the primary antibodies for 24 hours. Fluorochrome-conjugated secondary antibodies were used according to the manufacturer's recommendation. Nuclei were stained with DAPI.
Confocal laser scanning microscopy. Fluorescent signals were detected using a confocal laser-scanning microscope Zeiss LSM510 confocal microscope equipped with a digital color camera (AxioCam). All fluorescent images were generated using sequential laser scanning with only the corresponding single-wavelength laser line, activated using acoustooptical tunable filters to avoid cross-detection of either one of the fluorescence channels.
Figure 7
Inhibition of myofibroblastic phenotype and lung fibrosis by targeting (myo)fibroblast contractility and MKL1-mediated intrinsic mechanotransduction with ROCK inhibitors. In response to extracellular biomechanical (e.g., matrix stiffness) and biochemical (e.g., active TGF-β1) stimuli, lung fibroblasts undergo actin cytoskeleton remodeling and activation of the actomyosin contractile system, resulting in MKL1 translocation from cytoplasm to nucleus, where it activates fibrotic genes that specify myofibroblast differentiation. Inhibition of ROCK blocks actin cytoskeletal reorganization, fibroblast acquisition of contractile activity, and MKL1 nuclear translocation, preventing fibroblast-to-myofibroblast differentiation. On the other hand, ROCK inhibition disrupts actin cytoskeleton required for myofibroblast contractility in preexisting myofibroblasts. This deactivates constitutively activated MKL1 nuclear signal in myofibroblasts, resulting in downregulation of the antiapoptotic protein BCL-2 and activation of the intrinsic apoptotic pathway.
